Abstract: This note describes an update to the study of linear collider collimation system performance performed by the collimation task force and presented in [1, 2, 3] . In particular, the performance of the NLC collimation system with the addition of "tail-folding" octupoles is described. These octupoles allow the betatron collimation gaps to be opened by more than a factor of three. We present the optimized gap settings, the location of additional photon masks, and the resulting synchrotron-radiation collimation efficiency. The studies confirm that the tail-folding octupoles are efficient, give additional flexibility, and enhance the collimation system performance.
Introduction
The performance of the collimation systems designed for JLC/NLC, CLIC and TESLA linear colliders was compared by the TRC collimation task force and presented in [1, 2, 3] . These studies showed that the NLC collimation system had the best performance in terms of design expectations, beam-halo and synchrotron-radiation collimation efficiency.
The NLC collimation system (see Figure 1 ) has an additional flexibility in terms of background control -the tail folding octupoles provide an option to squeeze the beam tail distribution while not affecting the beam core. These octupoles are installed downstream of the betatron and the energy collimation system, at the very entrance to the final focus.
At the time of the TRC, the tail-folding octupoles were included only in the NLC design, so their performance was not studied in detail by the collimation task force and they were not included in the three system comparative study [2, 3] . However, in the TRC report it was noted that the wakefields for all the collimation designs would be a significant limitation -see Table 7 .17 in [1] . The tail-folding octupoles can reduce the wakefields by permitting larger collimator gaps. In this paper, the performance of the NLC collimation system with octupoles will be described. 
Octupole Doublets in the NLC Beam Delivery System
Nonlinear elements, such as octupoles, can in principle be used for control of the beam tails, without affecting the beam core. In practice, however, their efficiency is often limited by the difficulty of controlling all planes, see e.g. [4, 5] .
A unique feature of linear colliders facilitates the use of octupoles for collimation. This is the fact that the Final Doublet (FD) phase has much more stringent collimation requirements than the Interaction Point (IP) phase. Thus, it would be sufficient for the octupoles to fold the halo only in the FD phase.
The use of octupoles for non-linear control of beam tails in the linear collider has been investigated for the linac [6] and for the Final Focus [7, 8] . These studies were limited to conceptual considerations only, because they were applied to a traditional Final Focus where non-local chromaticity correction resulted in large aberrations in the beam tails. Such distortions would mask any possible benefit from the octupoles. The advantages of nonlinear collimation only became evident with the new Final Focus design with local chromaticity correction which has good control of high order aberrations [9] .
In order to control the beam tails in both horizontal and vertical directions simultaneously, a concept of octupole doublets was suggested in [10] and independently in [11] . The doublets provide tail focusing in both planes in a manner similar to strong focusing with quadrupoles. This concept was implemented in the latest design for the NLC Beam Delivery System [12], with two octupole doublets included to provide, ideally, a factor of four reduction of the size of the beam tails in the final doublet. More details on this can be found in [13] .
The octupole tail folding is illustrated in Figure 2 which shows an idealized case of tail folding with one or two octupoles doublets (OD), where the OD kick was modeled as x 5 , in contrast to the x 3 kick of a pure octupole which is canceled in the doublet to achieve azimuthal focusing symmetry. Figure 3 shows the actual beam phase space as tracked in a Beam Delivery with two octupole doublets. One of the important things to mention is that the strength of the octupoles and the size of the incoming halo, i.e. the collimation depth, must match.
The optics of the NLC BDS with the octupole doublet location is shown in Figure 1 . The ODs are placed just at the beginning of the Final Focus, downstream of the energy collimation section. One additional octupole is placed near ODs to further improve the higher order performance. 
Design without Tail Folding Octupoles: Dependence on the Vertex Tilt and Radius
Before discussing results with tail folding octupoles, it is worth reconsidering the situation without octupoles. The collimator gap settings for this case are shown in Table 1 .
The NLC vertex detector has a nominal internal radius of 10 mm and the length of this central detector is ±31 mm. With a half crossing angle of 10 mrad, the vertex detector is tilted with respect to the beam direction by the same angle and this effectively reduces the horizontal aperture by 0.62 mm total (or 3%). The studies presented in [2] did not include the effects of this tilt. Table 2 shows the synchrotron radiation and particle losses for different configurations. Case A is similar to the the configuration studied in [2] (except that the photon mask DUMP1 was offset in X). There are no losses on IR elements in this case. Case B has the vertex detector tilted by 10 mrad. One can see that photons now start to touch the vertex detector. In order to eliminate these losses, the gaps of the betatron collimators in the FD phase (SP2 and SP4) must be reduced by about 3%.
Case C in Table 2 corresponds to a vertex detector with increased aperture. The radius chosen is 11.8 mm, which is matched to the natural divergence of the synchrotron radiation fan in the IR region, discussed further below. With this radius, the losses on the vertex detector are eliminated. Table 1 : Horizontal and vertical β-functions, dispersion and apertures at the spoilers and absorbers in NLC without tail folding octupoles. The photon masks DUMP0 and DUMP3 were added for the octupole ON case.
The increased vertex detector radius, in fact, allows the betatron collimators located in phase with the FD (spoilers SP2 and SP4) to be opened by 25%, to 0.5 mm vertical aperture (full), which is shown in case D. In this last case, there were 75 primary particles lost in the AB7 absorber. This is at the limit of the statistical accuracy of the estimation of primary particle loss, and can be eliminated by a tiny adjustment of the AB7 gap. 
Natural Apertures in the Interaction Region
The beam halo entering the final doublet naturally has some divergence which is then focused by the FD. Therefore, synchrotron radiation photons emitted in the FD would be divergent as well. This is illustrated by the Figure 4 and 5. These particular pictures were obtained with tail folding octupoles, but the results without the octupoles are similar 1 . It would be natural therefore, from the point of view of optimizing of the protection of the IR elements, to set the apertures of the FD, Vertex, and luminosity monitor so that they increase with the photon divergence, at a minimum.
Collimation Performance with Tail Folding Octupoles
We consider below two cases where the vertex detector radius is 10 mm, and where the radius is increased to 11.8 mm, roughly correspondingly to the photon divergence. To eliminate the photon losses at the IR would require:
• Vertex radius 10 mm. Two additional synchrotron photon masks (DUMP0 and DUMP3) are needed to entirely protect the IR region.
• Vertex radius 11.8 mm. At least one or possibly two additional synchrotron photon masks (DUMP3) are needed and the strength of the octupoles is 63% of nominal.
To study these two cases in more detail, the following Table 3 illustrates the optimized collimation settings. Table 3 : Optimized collimator settings for the case when tail folding octupoles are ON.
With the 11.8 mm radius vertex detector, both cases E and F give an acceptable solution, when both the photon losses in the IR and the halo particle losses on the photon masks are eliminated. With the 10 mm radius vertex detector, the acceptable solution is represented by the case G. The optimal position of the photon masks is offset from the beam center. Though the wakefields due to off-centered masks were not evaluated, this is not expected to be an issue. In all cases, the betatron spoilers were opened to 1.2 mm full aperture, i.e. 3 times wider than without octupoles but with the same inner radius. Theoretically, this should be a factor of 4 wider apertures and it may be possible to approach this ideal value with further optimization.
In either of the cases E, F or G, there are no halo or primary particle losses anywhere downstream of the last absorber located in the Final Focus. Behavior of the fractional particle loss along the beamline for the case G is shown in Figure 6 .
A detailed summary of the photon and particle losses is given in Table 4 where two cases are compared:
• 10 mm vertex radius (case G of Table 3 );
• 11.8 mm vertex radius and no octupoles (case D of Table 2 ).
Calculations presented in Table 4 were performed with several different models of the halo. The first model represents a nominal halo which optimally overlaps with the collimator apertures in the case without octupoles, and thus gives the most pessimistic estimation. This is the model used for studies presented in [2] . This halo model, however, would not be adequate in the case of tail folding octupoles, since the halo would not even touch the betatron spoilers which are now open wider. Therefore, a halo model which extends to a larger number of sigmas should be used to study the octupole ON case. For consistency, this larger halo model was also applied to the octupole OFF case. Table 4 : Synchrotron radiation from beam halo hitting IR SR masks (DUMP0, DUMP1, DUMP2, DUMP3), upstream detector mask, vertex detector and downstream detector mask, with the tail folding octupoles off and on. Calculations are done with different halo distributions for cases octupoles "off" and "on", and with the same halo distribution for both cases. Synchrotron radiation mask positions are the same for both cases (optimized for octupoles "on"). The number of particles lost on AB7 is at the limit of statistical resolution.
From halo
Tail folding octupoles are OFF Tail folding octupoles are ON Halo 6 − 16σ x 6 − 200σ x 10 − 200σ x 6 − 200σ x model 24 − 73σ y 24 − 300σ y 50 − 300σ y 24 − 300σ
Conclusion
The collimation performance of the NLC Beam Delivery System has been evaluated for a configuration with tail folding octupoles. With these octupoles, it is possible to find an optimal configuration of spoiler and absorber gaps and photon masks, so that there are no charged particles lost anywhere downstream of the last collimator in the Final Focus (more than 500 m from the IP), and there are no synchrotron photons lost anywhere in the Interaction Region.
With tail folding octupoles, the betatron spoilers can be opened by at least a factor of 3, to 1.2 mm full aperture, reducing the effect of collimator wakefields.
